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A multi-copper protein with two cupredoxin-like domains was identiﬁed from our in-house
metagenomic database. The recombinant protein, mgLAC, contained four copper ions/subunits, oxi-
dized various phenolic and non-phenolic substrates, and had spectroscopic properties similar to
common laccases. X-ray structure analysis revealed a homotrimeric architecture for this enzyme,
which resembles nitrite reductase (NIR). However, a difference in copper coordination was found
at the domain interface. mgLAC contains a T2/T3 tri-nuclear copper cluster at this site, whereas a
mononuclear T2 copper occupies this position in NIR. The trimer is thus an essential part of the
architecture of two-domain multi-copper proteins, and mgLAC may be an evolutionary precursor
of NIR.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Copper is a metal essential for life, and copper-containing pro-
teins play various roles in biosystems, such as in electron trans-
fer (e.g., azurin and plastocyanin), oxygen transfer (e.g.,
hemocyanin), and catalysis (e.g., laccase, ascorbate oxidase, tyros-
inase, and galactose oxidase). These proteins use cupredoxin-like
domains as structural units. The number of domains in a subunit,
and the pattern of subunit assembly, varies from protein to pro-
tein, which, together with point mutations, appear to promote
the functional evolution of copper proteins [1]. For example,
ascorbate oxidase (AO) is a monomeric protein consisting of
three cupredoxin domains [2]. Ceruloplasmin (CP) is also mono-
meric, but contains six cupredoxin domains [3]. Nitrite reductase
(NIR) is composed of three identical subunits, each of which con-
tains two cupredoxin domains [4]. Each cupredoxin domain con-chemical Societies. Published by E
nce, Graduate School of Life
o, Ako-gun, Hyogo 678-1297,
es and Functions, National
gy (AIST), Tsukuba Central 6,
Miyazaki). Fax: +81 29 861
. Miyazaki) hig@sci.u-hyogo.tains a single copper-binding motif, in which various types of
copper ions are included. Copper is classiﬁed into types I, II,
and III (T1, T2, and T3) based on spectroscopic properties. T1
copper has an absorption peak at 600 nm and a narrow hyper-
ﬁne coupling in EPR (electron paramagnetic resonance) spectros-
copy. This copper is generally coordinated by three strong
ligands (one cysteine and two histidines) and one weaker ligand,
typically methionine. In some fungal laccases, the methionine is
replaced by non-ligating residues leucine or phenylalanine. T2
copper has a much weaker absorption, broader hyperﬁne interac-
tions, and is generally coordinated with 4–5 histidines and
water–oxygen ligands. T3 is a copper pair, antiferromagnetically
coupled, usually coordinated by three histidines per copper and
a bridging moiety [5]. High conservation of copper-binding mo-
tifs in cupredoxin domains allows for easy identiﬁcation of
copper proteins based solely on the amino acid sequence.
Taking advantage of the rapid accumulation of bacterial geno-
mic sequences, Nakamura et al. [6] identiﬁed numerous protein se-
quences that possess cupredoxin-like domains. Based on the
topology of the copper-binding motifs, they classiﬁed the proteins
into several categories and proposed a possible evolutionary
scheme, as shown in Fig. 1. In addition to well-characterized
proteins, such as NIR, AO, and CP, there are numerous other pro-
teins, designated as [X], [Y], [A], [B], and [C] in Fig. 1. Most of theselsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the domain organization of copper proteins and their hypothetical common ancestors. This ﬁgure was taken from Fig. 2 in Nakamura et al.
[6] with the authors’ permission.
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multi-domain proteins. Although these ‘‘missing links” are
uncharacterized, some of them have been studied. SLAC [7] and
EpoA [8,9] are type [B] proteins composed of two cupredoxin do-
mains. These proteins were identiﬁed in Streptomyces and have lac-
case activity. Recently, the crystal structure of SLAC was
determined [10,11]. The enzyme formed trimer and resembled
NIR [4] and CP [3]. A type [C] protein has also been reported. More
than 20 years ago, a ‘‘blue copper oxidase” was puriﬁed from Nitr-
osomonas europaea [12]. Biochemical studies revealed that the en-
zyme was trimeric and displayed both laccase and NIR activities.
Recent genetic studies [13,14] have conﬁrmed that the enzyme is
a type [C] protein.
In this paper, we report the crystal structure of a novel type [C]
laccase, designated mgLAC, which was identiﬁed from our in-
house metagenomic sequence database [15–18]. We determined
the three-dimensional structure of mgLAC to better understand
the molecular basis for the evolution of multi-copper proteins.2. Materials and methods
2.1. Enzyme activity assays
mgLAC was prepared as previously described [18]. Enzyme
activities were measured from the decrease in the concentration
of dissolved molecular oxygen at 25 C in McIlvaine buffer (pH
4.5 for ABTS and 8.5 for others), containing 1 mM substrate on a
PreSens oxygen meter (Microx TX3).2.2. Spectroscopic measurements
The UV–visible absorption spectrum of mgLAC (13 lM in
20 mM Tris–HCl, pH 8.0) was recorded at 25 C on a Jasco UV/VIS
spectrophotometer (model V-550). The EPR spectrum was re-
corded on a Bruker ESP350E spectrometer at 77 K using 0.13 mM
enzyme in 20 mM Tris–HCl (pH 8.0). The inductively coupled plas-
ma-atomic emission spectrometry (ICP-AES) measurement was
carried out using 0.13 mM enzyme in 20 mM Tris–HCl (pH 8.0)
on a SII NanoTechnology SPS4000.2.3. Bioinformatics tools
A BLAST search was carried out in the non-redundant database
of GenBank, via the internet at http://www.ncbi.nlm.nih.gov/
BLAST/ [19]. Multiple sequence alignment was carried out using a
web-based version of ClustalW (http://www.ebi.ac.uk/clustalw/),
with default parameter settings [20]. To analyze protein domain
structures, the simple modular architecture research tool (SMART)
was used (http://smart.emblheidelberg.de/) [21]. For identiﬁcation
of signal peptides, the SignalP facility in SMART was used [22].
2.4. X-ray crystallographic analysis
Crystallization and preliminary X-ray crystallographic results
are described as previously noted [18]. The crystal belongs to space
group P212121, with unit-cell parameters of a = 74.67, b = 100.95,
and c = 124.11 Å. The structure was solved by the single-wave-
length anomalous diffraction (SAD) technique using Cu atoms.
The heavy-atom reﬁnement, density modiﬁcation, and initial
structure modeling were performed using autoSHARP [23]. Further
model building and structure reﬁnement were carried out using
the COOT [24] and refmac [25] programs. The progress and validity
of the reﬁnement process were checked by monitoring the R-free
value for 5% of the total reﬂections [26]. Model geometry was ana-
lyzed using the MOLPROBITY program [27]. The data collection and
reﬁnement statistics are summarized in Table 1. The root-mean-
square deviation was calculated using the LSQMAN program [28].
Domain interfaces were analyzed using the Protein–Protein Inter-
action Server [29]. The ﬁgures were prepared by the PyMOL pro-
gram (http://pymol.sourceforge.net), using the coordinates from
PDB ﬁles 2BW4 (NIR from Achromobacter cycloclaster), 1AOZ (AO
from Cucurbita pepo var. melopepo), and 2J5W (CP from human).3. Results and discussion
3.1. Identiﬁcation of a two-domain laccase in a metagenomic library
In silico screening of our in-house metagenomic sequence data-
base identiﬁed an open reading frame containing two copper-bind-
ing motifs [18]. The protein, designated mgLAC, is comprised of
Table 1
Summary of crystallographic data.
Source SPring-8 BL38B1
Wavelength (Å) 1.0000 1.3500
Space group P212121
Unit-cell parameters
a, b, c (Å) 74.67, 100.95, 124.11 74.61, 100.92,124.05
Resolution (Å) 50.00–1.70 (1.76–1.70) 50.00–2.00 (2.07–2.00)
Multiplicity 7.3 (6.0) 6.6 (3.5)
Completeness (%) 100.0 (99.9) 97.1 (80.4)
I/r(I) 25.6 (2.9) 22.0 (4.0)
Rmerge (%) 8.0 (42.6) 8.7 (24.0)
R-value (%) 16.1 (20.8)
R-free (%) 18.3 (24.7)
No. of reﬂections 98106
No. of non-hydrogen atoms 8147
No. of residues 949
No. of waters 628
Average B-factor (Å2)
Protein 13.5
Water 24.0
Root-mean-square deviations
Bond lengths (Å) 0.007
Bond angles () 1.145
Ramachandran plot
Favored residues (%) 98.8
Allowed regions (%) 1.2
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cases commonly found in fungi [30] and bacteria [31]. At the N-ter-
minus, a putative signal peptide consisting of 34 amino acid
residues was identiﬁed.
The amino acid sequence of mgLAC was compared to the all
non-redundant GenBank cds database [19]. mgLAC shared the
highest overall identities (51–58%) with multi-copper oxidases
from Nitrosomonas eutropha (YP_747619), Nitrosomonas europaea
(NP_841001), Nitrobacter hamburgensis (YP_578478), and Sphingo-
monas wittichii (YP_001262290). All of these proteins are type [C],
which contain two cupredoxin domains (Fig. 1). The enzyme from
Nitrosomonas europaea was puriﬁed and characterized more than
20 years ago [12]. However, since this ﬁrst report, no additional
studies have been conducted, and thus, the structure–function
relationship of the type [C] enzyme remains unclear. Other two-
domain type laccases have been also documented: SLAC from
Streptomyces coelicolor (343 aa, CAB45586, [7]) and EpoA from
Streptomyces griseus (348 aa, BAB64332, [8]). These laccases belong
to type [B] and share striking sequence identities with each other
(71%). However, the sequences of these type [B] proteins were
not well aligned with type [C] proteins, and their overall similarity
was low (22%). A phylogenetic tree of these laccases, and repre-
sentative three-domain laccases, is illustrated in Supplementary
Fig. 1, which conﬁrmed the evolutionary uniqueness of the type
[C] proteins among laccases.
3.2. Overproduction and characterization of the recombinant mgLAC
Enzymatic characterization was carried out using a C-terminal
His6-tagged protein. The copper content was investigated by ICP-
AES analysis. Using a protein solution of 0.13 mM subunit concen-
tration, the copper concentration was calculated to be 32 lg ml1
(0.50 mM), which indicated the presence of ca. four copper atoms
per subunit, similar to common laccases. The UV–visible absorp-
tion spectrum showed peaks around 280 and 605 nm, correspond-
ing to the aromatic side chains and the T1, or blue copper, center,
respectively, and a shoulder at 330 nm, corresponding to the T3
binuclear copper center. These spectroscopic properties are com-
mon to other laccases. In the EPR spectrum, both T1 and T2 coppersignals were observed, with a total of 1.6 copper atoms per sub-
unit. The Hamiltonian parameters were A// = 64 G, g// = 2.25, and
g\ = 2.05 for the T1 copper and A// = 184 G, g// = 2.25, and
g\ = 2.05 for the T2 copper (Supplementary Fig. 2). All of these
physical features of mgLAC do not differ from those of well-charac-
terized, three-domain type laccases.
Supplementary Table 1 summarizes the reactivity of mgLAC.
Various phenolic and non-phenolic substrates were oxidized,
including canonical laccase substrates, such as ABTS, DMOP,
syringaldazine, and guaiacol. Ascorbic acid, which is usually not a
laccase substrate, was a substrate here, demonstrating the broad
substrate speciﬁcity of mgLAC. EpoA does not react with some
syringaldazine and guaiacol [8], and thus, substrate speciﬁcity ap-
pears to vary among two-domain laccases.
3.3. X-ray crystallographic analysis of the recombinant mgLAC
3.3.1. Overall structure
The ﬁnal model was reﬁned to an R-factor of 0.161 at a resolu-
tion of 1.7 Å. There were 22 residues at the C-terminus (including
His-tag) that remain undeﬁned due to disorder. Most (98.8%) of the
residues were found to be in favored regions of the Ramachandran
plots. Each asymmetric unit in a crystal cell contained three tightly
associated molecules of mgLAC, resulting in a triangular structure
with approximate dimensions of 57  77  78 Å3 (Fig. 2). Each
monomer is comprised of two cupredoxin-like domains (hereafter,
Domain-1 denotes the ﬁrst or N-terminal half domain and Do-
main-2 denotes the second or C-terminal half domain). The quater-
nary structure, consisting of six cupredoxin-like domains, is
essentially the same as those of NIR, SLAC, and CP (Fig. 2).
3.3.2. Structurally unconserved regions
An individual domain of mgLAC has essentially the same topol-
ogy as that of other multi-copper proteins. Eight conserved b-
strands, constituting the core structure of each cupredoxin domain,
are connected by six structurally unconserved regions (SURs) [1]
(Fig. 3). These unconserved regions are likely to be involved in
the modulation of substrate recognition and molecular stability
in multi-copper proteins.
Despite the overall similarity in the quaternary structures, a sig-
niﬁcant difference is found at the C-terminal region between
mgLAC and NIR. In mgLAC, the C-terminal loop region (residues
278–318) ﬁlls the cleft between Domains 1 and 2, stabilizing the
intra-molecular domain–domain interaction. In contrast, in NIR
the corresponding cleft is ﬁlled by the N-terminal loop region (res-
idues 7–36). In addition, the C-terminal loop region of NIR extends
to interact with Domain-1 of the neighboring monomer of the tri-
mer. This extended C-terminal region of NIR provides additional
interactions, resulting in much more extensive inter-molecular do-
main–domain interfaces (2000 Å2) than in mgLAC (1500 Å2). In
mgLAC, domain interfaces are ﬁlled with three coppers, which sta-
bilize the protein. However, two of these three coppers are absent
in NIR. Therefore, we believe the extended C-terminal residues in
NIR compensate for the loss of stability due to the depletion in cop-
per. This is also consistent with previous reports on CP. In CP, the
interactions between Domain-1 and Domain-6 are signiﬁcantly
weaker than those observed in AO. In addition, a pair of T3 coppers
between the domains plays the primary role of stabilizing CP [32].
3.3.3. Copper-binding site
The anomalous difference Fourier map showed four clear peaks
corresponding to the monomer copper ions (12 copper ions per tri-
mer; Figs. 2, 4 and Supplementary Fig. 3). The presence of four cop-
per ions per monomer is consistent with the results obtained by
ICP-AES analysis. There are two types of copper-binding sites
(mono- and tri-nuclear) in the mgLAC monomer. Mononuclear T1
Fig. 2. Overall structure and schematic diagram of mgLAC (A and A0), NIR (B and B0), SLAC (C and C0), CP (D and D0), and AO (E and E0). The ﬁrst (Domain-1), second (Domain-2),
and third domains (Domain-3) are shown in green, light brown, and pink, respectively. CP is a single chain protein, but in this ﬁgure the molecule was regarded as three
repeats of two domains, and each two consecutive domains were colored in green and light brown, respectively. The C-terminal regions of mgLAC and NIR are shown in red.
The linker between domains in AO and CP are shown in red. The N-terminal regions of NIR are shown in black. The T1 coppers are indicated by blue circles; the T2/T3 coppers
are shown as cyan circles. Open circles denote sites that are potential copper sites, but are not ﬁlled by copper.
1192 H. Komori et al. / FEBS Letters 583 (2009) 1189–1195copper is located in Domain-1, and tri-nuclear copper atoms (T2/
T3) are embedded in the inter-molecular interface. The electrondensity corresponding to an oxygen atom was observed between
T3 coppers. The T1 copper site is easily accessible to the solvent,
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(Supplementary Table 1). The electron density of T2 copper is low-
er than the other coppers; the occupancy of T2 copper is estimated
to be 0.7, which supports the slight leak in copper at this site,
being consistent with the results of ICP-AES analysis.
Both Domain-1 and -2 of mgLAC originated from a cupredoxin-
like structural unit, but appear to have evolved differently. T1 cop-
per is found only in Domain-1. A potential T1 site in Domain-2 is
missing, due to the substitution of a Cys ligand to Asp to produce
a ‘‘pseudo-” T1 site (Figs. 3 and 4). This asymmetric distribution
of T1 sites is conserved in NIR, but differs from SLAC and three-do-
main type laccases that have a T1 site in Domain-3. This Domain-3
corresponds to the Domain-2 of the neighboring molecule, which
shares the tri-nuclear copper site with Domain-1 in the mgLAC tri-
mer (Fig. 2A0 and E0). T1 coppers of the SLAC trimer and CP are
localised near the surface of the central cavity (Fig. 2C and D). In
mgLAC, the T1 site of Domain-1 and the pseudo-site of Domain-2
are related by a pseudo twofold symmetry. While the T1 copper
site of mgLAC is positioned on the opposite side of the tri-nuclear
copper site, in contrast with three-domain type laccases, structural
features around the T1 copper site are similar to three-domain type
laccases. The T1 copper is ligated by His57, His112, Cys105, and
Met118 and is located approximately 12 Å away from the tri-nu-
clear cluster, which is linked by the electron-transferring Cys-His
pathway (Fig. 4).
Supplementary Table 2 summarizes the copper ligands and
occupancies and B-factors of copper atoms. The residues involved
in the ligation of T2/T3 copper ions are eight histidines, as inFig. 3. Sequence alignment of mgLAC (AB469330), NIR from Achromobacter cycloclast
Streptomyces coelicolor. The residues binding to the T1, T2, and T3 coppers are shown in b
shown in yellow. The catalytic residues for NIR are shown in magenta. The structurallythree-domain type laccases. However, the histidine ligands are do-
nated by two subunits (Domain-1 of subunit A and Domain-2 of
subunit B, as shown in Supplementary Fig. 4) that are related by
a pseudo-twofold axis. One T2 copper is ligated by two histidines
(His60A and His204B; ‘‘A” and ‘‘B” after the residue number repre-
sent subunit A and B in the trimeric form, respectively) and two T3
coppers are ligated by three histidines (His62A, His104A, His254B
and His106A, His206B, and H252B, respectively). A putative proton
donor, Asp73, is also conserved, suggesting a common reaction
mechanism with known laccases (Figs. 3 and 4). On the other hand,
NIR has a mononuclear T2 copper at the domain interface and con-
tains only four histidines. Three histidines, His100A, His135A, and
His306B (His62A, His104A and His254B in mgLAC), ligate to the
mononuclear copper ion, and a fourth histidine, His255B (His204B
in mgLAC), is located nearby, but is not involved in copper ligation.
In addition to the fourth histidine, substitutions from potential
copper ligand histidines (His252B, His206B, and His60A in mgLAC)
to hydrophobic residues (Val304B and Ile257B) and aspartate
(Asp98A) are likely responsible for the nitrite (but not oxygen)
reduction (Fig. 4).
3.4. Evolutionary relationships of the multi-copper protein family
As shown in Fig. 2, structural studies conﬁrmed the relationship
of mgLAC to NIR and three-domain type laccases. The type [B] lac-
case, SLAC, also forms trimers [11], indicating that a homotrimer is
the essential architecture of two-domain type multi-copper pro-
teins. Variations in the copper-binding motif at domain interfaceses (AAB19386), AO from Cucurbita pepo var. melopepo (P37064), and SLAC from
lue, green, and cyan, respectively. The putative proton donor aspartate residues are
unconserved regions (SURs) are enclosed by blue lines.
Fig. 4. Stereo-view of the copper-binding sites of mgLAC (A), SLAC (B), NIR (C), and AO (D). Residues from molecule A (Domain-1) are shown in green and those from the
adjacent molecule B (Domain-2) are shown in light green. T1 copper atoms are depicted as blue spheres and the other coppers are depicted as cyan spheres. For mgLAC (A), a
local pseudo twofold axis is drawn as a dotted line.
1194 H. Komori et al. / FEBS Letters 583 (2009) 1189–1195seem to have created an array of functional diversity. Based on the
evolutionary scheme proposed by Nakamura et al. [6], mgLAC-type
laccases are likely the precursors of NIRs. Formation of intimate
domain–domain interaction appears to be essential for the creation
of functional diversity in multi-copper proteins. Gain, or loss, of in-
ter-domain copper sites is coupled to the formation of quaternary
structures. Multi-copper proteins favor three repeating units. De-
spite the difference in the oligomeric states of the polypeptide
chains, the triangular formation of cupredoxin domains acts as
the functional unit for all existing multi-copper proteins.Acknowledgments
This work was partially supported by the GCOE Program (Y.H.),
the Japanese Aerospace Exploration Agency Project (Y.H.), a Grant-
in-Aid for Scientiﬁc Research (18GS0207) (Y.H.), the basic research
programs CREST type, Development of the Foundation for Nano-
Interface Technology from JST (Y.H.), the Sumitomo Foundation
(H.K.), the Hyogo Science and Technology Association (H.K.), and
a Grant-in-Aid for Young Scientists B (18770093) from the Japan
Society for the Promotion of Science. K.M. thanks Shiori Mizuta
for technical assistance.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.03.008.References
[1] Murphy, M.E., Lindley, P.F. and Adman, E.T. (1997) Structural comparison of
cupredoxin domains: domain recycling to construct proteins with novel
functions. Protein Sci. 6, 761–770.
[2] Messerschmidt, A., Rossi, A., Ladenstein, R., Huber, R., Bolognesi, M., Gatti, G.,
Marchesini, A., Petruzzelli, R. and Finazzi-Agró, A. (1989) X-ray crystal
structure of the blue oxidase, ascorbate oxidase, from zucchini. Analysis ofthe polypeptide fold and a model of the copper sites and ligands. J. Mol. Biol.
206, 513–529.
[3] Zaitsev, V.N., Zaitseva, I., Papiz, M. and Lindley, P.F. (1999) An X-ray
crystallographic study of the binding sites of the azide inhibitor and organic
substrates to ceruloplasmin, a multi-copper oxidase in the plasma. J. Biol.
Inorg. Chem. 4, 579–587.
[4] Godden, J.W., Turley, S., Teller, D.C., Adman, E.T., Liu, M.Y., Payne, W.J. and
LeGall, J. (1991) The 2.3 angstrom X-ray structure of nitrite reductase from
Achromobacter cycloclastes. Science 253, 438–442.
[5] Adman, E.T. (1991) Copper protein structures. Adv. Protein Chem. 42, 145–
197.
[6] Nakamura, K., Kawabata, T., Yura, K. and Go, N. (2003) Novel types of two-
domain multi-copper oxidases: possible missing links in the evolution. FEBS
Lett. 553, 239–244.
[7] Machczynski, M.C., Vijgenboom, E., Samyn, B. and Canters, G.W. (2004)
Characterization of SLAC: a small laccase from Streptomyces coelicolor with
unprecedented activity. Protein Sci. 13, 2388–2397.
[8] Endo, K., Hayashi, Y., Hibi, T., Hosono, K., Beppu, T. and Ueda, K. (2003)
Enzymological characterization of EpoA, a laccase-like phenol oxidase
produced by Streptomyces griseus. J. Biochem. 133, 671–677.
[9] Endo, K., Hosono, K., Beppu, T. and Ueda, K. (2002) A novel extracytoplasmic
phenol oxidase of Streptomyces: its possible involvement in the onset of
morphogenesis. Microbiology 148, 1767–1776.
[10] Skálová, T., Dohnálek, J., Ostergaard, L.H., Ostergaard, P.R., Kolenko, P.,
Dušková, J. and Hasek, J. (2007) Crystallization and preliminary
X-ray diffraction analysis of the small laccase from Streptomyces
coelicolor. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 63, 1077–
1079.
[11] Skálová, T., Dohnálek, J., Ostergaard, L.H., Ostergaard, P.R., Kolenko, P.,
Dušková, J., Stepánková, A. and Hasek, J. (2009) The structure of the small
laccase from Streptomyces coelicolor reveals a link between laccases and nitrite
reductases. J. Mol. Biol. 30, 1165–1178.
[12] DiSpirito, A.A., Taaffe, L.R. and Hooper, A.B. (1985) A ’blue’ copper oxidase from
Nitrosomonas europaea. Biochim. Biophys. Acta 806, 320–326.
[13] Beaumont, H.J., Hommes, N.G., Sayavedra-Soto, L.A., Arp, D.J., Arciero, D.M.,
Hooper, A.B., Westerhoff, H.V. and van Spanning, R.J. (2002) Nitrite
reductase of Nitrosomonas europaea is not essential for production of
gaseous nitrogen oxides and confers tolerance to nitrite. J. Bacteriol. 184,
2557–2560.
[14] Beaumont, H.J., Lens, S.I., Westerhoff, H.V. and van Spanning, R.J. (2005) Novel
nirK cluster genes in Nitrosomonas europaea are required for NirK-dependent
tolerance to nitrite. J. Bacteriol. 187, 6849–6851.
[15] Suenaga, H., Ohnuki, T. and Miyazaki, K. (2007) Functional screening of a
metagenomic library for genes involved in microbial degradation of aromatic
compounds. Environ. Microbiol. 9, 2289–2297.
[16] Mori, T., Mizuta, S., Suenaga, H. and Miyazaki, K. (2008) Metagenomic
screening for bleomycin resistance genes. Appl. Environ. Microbiol. 74,
6803–6805.
H. Komori et al. / FEBS Letters 583 (2009) 1189–1195 1195[17] Mori, T., Suenaga, H. and Miyazaki, K. (2008) A metagenomic approach to the
identiﬁcation of UDP-glucose 4-epimerase as a menadione resistance protein.
Biosci. Biotechnol. Biochem. 72, 1611–1614.
[18] Komori, H., Higuchi, Y. and Miyazaki, K. (2009) Crystallization and preliminary
X-ray diffraction analysis of the putative two-domain type laccase from
metagenome. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. F65, 264–
266.
[19] Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W. and
Lipman, D.J. (1997) Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25, 3389–3402.
[20] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-speciﬁc gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673–4680.
[21] Schultz, J., Milpetz, F., Bork, P. and Ponting, C.P. (1998) SMART, a simple
modular architecture research tool: identiﬁcation of signaling domains. Proc.
Natl. Acad. Sci. USA 95, 5857–5864.
[22] Nielsen, H., Engelbrecht, J., Brunak, S. and von Heijne, G. (1997) A neural
network method for identiﬁcation of prokaryotic and eukaryotic signal
peptides and prediction of their cleavage sites. Int. J. Neural. Syst. 8, 581–599.
[23] Vonrhein, C., Blanc, E., Roversi, P. and Bricogne, G. (2007) Automated structure
solution with autoSHARP. Meth. Mol. Biol. 364, 215–230.[24] Emsley, P. and Cowtan, K. (2004) Coot: model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–2132.
[25] Murshudov, G.N., Vagin, A.A. and Dodson, E.J. (1997) Reﬁnement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D Biol. Crystallogr. 53, 240–255.
[26] Brünger, A.T. (1992) Free R value: a novel statistical quantity for assessing the
accuracy of crystal structures. Nature 355, 472–475.
[27] Davis, I.W., Murray, L.W., Richardson, J.S. and Richardson, D.C. (2004)
MOLPROBITY: structure validation and all-atom contact analysis for nucleic
acids and their complexes. Nucleic Acids Res. 32, W615–619.
[28] Kleywegt, G.J. and Jones, T.A. (1994) A super position. CCP4/ESF-EACBM
Newsletter on Protein Crystallography, pp. 9–14.
[29] Reynolds, C., Damerell, D. and Jones, S. (2009) ProtorP: a protein–protein
interaction analysis server. Bioinformatics 25, 413–414.
[30] Baldrian, P. (2006) Fungal laccases – occurrence and properties. FEMS
Microbiol. Rev. 30, 215–242.
[31] Claus, H. (2003) Laccases and their occurrence in prokaryotes. Arch. Microbiol.
179, 145–150.
[32] Vachette, P., Dainese, E., Vasyliev, V.B., Di Muro, P., Beltramini, M., Svergun,
D.I., De Filippis, V. and Salvato, B. (2002) A key structural role for active site
type 3 copper ions in human ceruloplasmin. J. Biol. Chem. 277, 40823–40831.
